We present a displacement-sensitive sensor comprising a microelectromechanical (MEMS) chip and organic optoelectronic components capable of measuring the heart and respiration rate on humans. The MEMS sensor relies on the inertial deflection of a small silicon oscillator. The readout of the deflection is optical and works via modulation of the light flux passing through the MEMS. Organic optoelectronics are used as light source and detector, since these offer a homogeneous light distribution and a more compact package in a future integration. Two types of MEMS, differing in their resonance frequency, were designed and characterised in combination with both organic and inorganic optoelectronics prior to measuring heart and respiration rate. Subsequently, by measurements on the neck, pulse and respiration rate were successfully measured.
Introduction
Nowadays, medicine and biology are among the most promising and challenging fields of application for microelectromechanical systems (MEMS). Medical devices based on this technology (bioMEMS) are currently being investigated for a broad variety of in-vivo and point-of-care implementations. Herein, new challenges have to be overcome, such as biocompatibility or reliable detection of weak biosignals [1] . Detection of heart rate (HR) and respiration rate (RR) with an inertial sensor is an example of the latter.
Detecting these low-frequency vibrations (typically < 3 Hz) with a MEMS sensor enables low-cost, multi-function platforms for medical diagnostics, e.g. in combination with optical oximetry. Due to the low frequency of HR and RR, using vibration sensors for this purpose is quite challenging. Therefore, non-mechanical biosignals are usually employed [2, 3] . For the HR, the electrocardiogram or the optoplethysmogram are well known and wide-spread methods. For the RR, the expansion of the chest can be monitored by a chest belt or the flow of air through a mouth piece by a flow sensor. 
Sensor and Components
Here we show that this challenging task can be achieved with an optomechanical MEMS inertial sensor with organic semiconductor components. The sensor works by transducing the inertial deflection of a Si proof mass into a change of the transmitted optical power [4, 5] . This light flux modulation is achieved by two overlapping arrays of rectangular holes (one etched into the mass, one evaporated onto a fixed glass chip) comprising an optical shutter (see Figure 1 ). The amount of optical power transmitted through the device, therefore, depends on the relative position of the two grids. The light is introduced by an (O)LED and detected by an (O)PD, the photocurrent of which is converted into a voltage by a transimpedance amplifier.
If the sensor is applied as vibration sensor, the mechanical properties are those of a base-excited harmonic oscillator. This means that the amplitude function |χ(ω)| = [(ω 2 − ω 2 0 ) 2 + 4γ 2 ω 2 ] −1/2 corresponds to a second-order high pass, with ω 0 being the angular resonance frequency and γ the decay parameter [6] .
This kind of optical readout of the mechanical motion is highly sensitive and apart from an optical power input completely passive enabling remarkable results [7, 8] . The sensitivity of the sensor depends on the number of holes with length l h and on the input optical power [6] . This is important to note, since the lifetime of OLEDs decreases with the driving power.
Heart and Respiration Rate Measurements
Prior to the HR and RR measurements, two identical types of MEMS chips differing only in their respective resonance frequency ( f 0 = 250 Hz and 620 Hz) were characterised in combination with both organic and inorganic optoelectronics. This way, the general performance differences between the chip types and optoelectronics types were investigated. The chips were characterised by recording the response to time-harmonic input vibrations with constant amplitudes X 0 = 4, 8, 16 nm (see Figure 2) . The current supply of the (O)LED was set to a low 4 mA in order to prevent the decay of the OLED material. All combinations revealed similar performance with the purely inorganic optoelectronics yielding slightly larger output signals. This is mainly due to the performance of the OLED and the more difficult alignment using the organic components. Furthermore, the low-frequency amplitude for the MEMS with lower f 0 is obviously higher than of the one with higher f 0 .
Therefore, the HR and RR measurements were performed with the MEMS with lower resonance frequency. The stack was placed onto the carotid artery and fixed with adhesive tape (see Figure 3a) . The waveform the sensor picked up from the movement of the skin above the artery was recorded using an oscilloscope. First, the measurement was performed with the inorganic components. The results are depicted in Figure 3b . The waveform was evaluated with a python script in order to deliver the HR and RR. In the presented case, the HR was 63.6 min −1 and the RR 10.7 min −1 . The same measurement was performed with the same MEMS but with the organic optoelectronics. The results are shown in Figure 3c . It can be seen that, while HR and RR can also be extracted this way, the overall performance is a little worse. The reasons are again the difficult alignment and the performance of the OLED. The values obtained here for HR and RR are 60.3 min −1 and 11.6 min −1 , respectively. Result of a measurement with the inorganic sensor stack. The blue curve shows the waveform recorded with an oscilloscope already showing distinctive peaks corresponding to the heart rate (HR). These peaks were automatically identified and marked (magenta crosses). The respiration rate (RR) was extracted with a moving average filter applied onto the data of the blue curve leading to the red curve and green crosses. The curve was moved upwards by 50 mV for better visibility of both waveforms. (c) Result of a measurement with the organic sensor stack. It can be seen that the signal-to-noise ratio of the organic stack is not as good as for the inorganic one. This may be due to the difficult alignment of the sensor components. Nevertheless, HR and RR both were detected.
Conclusions
It has been shown that it is possible to detect HR and RR using an inertial MEMS sensor and organic optoelectronics. This potentially enables low-cost, multi-function platforms for medical diagnostics, e.g., in combination with optical oximetry. For future developments it is necessary to improve the OLED lifetime in regard to the electrical driving power. This way, the optical output could be increased leading to a better sensitivity and signal-to-noise ratio.
